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Abstract 
In this work, non-isothermal thermal analysis (TA) methods combined with Fourier transform infrared (FTIR) spectroscopy were 
applied to investigate specifics of different stages of oxy-fuel (OF) combustion of Estonian oil shale (EOS) and its char. Kinetics 
of EOS and its char oxidation were analyzed in different atmospheres in order to understand the complex mechanism of oil shale 
(OS) OF combustion. Additionally, the OF combustion of OS in circulating fluidized bed (CFB) was simulated with the recently 
released Aspen Plus fluidized bed (FB) reactor which treats bottom zone and freeboard hydrodynamics. Particular attention was 
given to the determination of the required elutriated mass flows to maintain the heat balance of the system for OF combustion 
cases. Four case studies were simulated including: Case 1: Air combustion, Case 2: 21%O2/flue gas, Case 3: 23%O2/flue gas and 
Case 4: 30%O2/flue gas. The results of TA experiments show that the pyrolysis behavior is very similar in Ar and CO2 until 
500°C and there is no visible char carbon and CO2 reaction under OF conditions. The emissions of CO2 from mineral part of OS 
can be diminished as decomposition of calcite takes place at higher temperatures in OF combustion. Activation energies 
calculated for oxidation of OS and its char in CO2/O2 are notably less than activation energies calculated for Ar/O2 atmosphere. 
Modeling results show that higher fuel mass flow rate and higher O2 concentration in the oxidizer have to be considered in the set 
of conditions for OF in order to extract the same amount of heat as in air combustion. The Case 3 with 23% inlet O2 
concentration has a similar behavior as compared to air combustion in terms of temperature of the boiler and recirculation rate of 
the particles. The data obtained from experimental measurements and models is valuable for the possible implementation of OF 
combustion of EOS in CFB boilers. 
©2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Estonian Oil Shale (EOS) is the main fuel used in power stations in Estonia hence CO2 emissions have been a 
serious problem in the energy sector which produces over 90% of electricity from oil shale (OS). For this reason, 
oxy-fuel (OF) circulating fluidized bed combustion (CFBC) can play a significant role in the near future for possible 
CO2 capture ready applications since OF combustion with Carbon Capture and Storage (CCS) provides the potential 
for an almost 100% reduction of CO2. Furthermore, OF combustion has already been proven by bench scale 
applications [1-3] as reliable, CO2 free, safe and feasible technology that has also a demonstration scale (30 MW 
CIUDEN) under operation since 2011 [4]. Detailed information about OF combustion and CCS is given for example 
in [5]. The process of OF combustion with CCS is a new technology and for EOS there is no experience. EOS is 
defined as highly heterogeneous fuel with complicated composition of organic and mineral matter [6] that increases 
the importance of its investigation under different operating conditions. During its thermal decomposition under 
conventional combustion conditions, complex set of parallel reactions occurs in both organic and mineral parts of 
the fuel [7]. All these reactions and the gas-solid hydrodynamics in circulating fluidized bed (CFB) boiler can be 
influenced by composition and physical properties (high CO2 partial pressure, density, viscosity, thermal capacity 
and conductivity) of the fluidization gas at OF combustion. That is why experimentation and modeling are vital for 
the successful design and scale-up of OF combustion of EOS in CFB boilers. The knowledge of the effect of CO2 
atmosphere on the reactivity of OS and OS char is needed for evaluating the application of OS OF combustion. The 
study of reaction kinetics including pyrolysis and oxidation characteristics is also crucial to understand the complex 
mechanism of OS OF combustion. There have been a few studies on pyrolysis and kinetics of oxidation of OS and 
its char from Estonia and different countries [7-12]. However, there is still little knowledge related to the OF 
combustion of EOS and there is no study conducted with oil shale in fluidized bed (FB) and in particular, under oxy-
fuel conditions. In this respect, having a special interest on OF combustion of EOS, non-isothermal thermal analysis 
(TA) methods combined with Fourier transform infrared (FTIR) spectroscopy have been applied to investigate 
pyrolysis stage of OS as well as combustion characteristics of OS and its char. Kinetics of OS and its char oxidation 
have been analyzed in different atmospheres. Additionally, CFBC model in Aspen Plus has been built using the FB 
reactor of Aspen in one set of operating regime similar to air combustion. CFBC model investigates characteristics 
of the air OS and OF OS combustion with respect to the specific CFB operating parameters (boiler temperature, 
recirculation rate, external heat exchanger duty etc.). Particular attention has been given to the determination of the 
required elutriated mass flows to maintain the heat balance of the system for OF combustion cases since it is known 
from the experience of coal firing CFB boilers, that the mass flow of elutriated particles from the boiler is important, 
as the recirculation rate of the particles controls the heat balance of the boiler both with respect to the heat transfer in 
the freeboard (furnace walls) and in the external heat exchanger [13]. 
2. Experimental and modeling 
2.1. Materials and Methods 
The common EOS sample used in energy production was crushed with an alligator-type grinding machine. Mean 
sample was taken from the crushed material and ground in a big ball mill. Then, the sample was dried at 105°C for 4 
hours and ground additionally in a Retsch PM 100 grinding machine until the entire sample passed the 200 μm 
sieve. Characterization of the OS sample is given in Table 1. 
       Table 1.Characterization of OS 
 Content, %mass Elementsd 
HHVd, MJ kg-1 
11.86 
Ashd
49.3 
Moisture 
0.7  
C 
30.4 
H 
3.0 
N 
0.1 
S 
1.63 
TC 
31.5 
TIC/CO2M from TIC 
4.55/16.7 
d Per dry sample, TC/TIC total carbon/total inorganic carbon, M mineral CO2 
The Setaram Setsys Evo 1750 thermoanalyzer coupled to a Nicolet 380 FTIR spectrometer for evolved gas 
analysis was used in the experiments. Non-isothermal TG tests were performed at 10 K min-1 heating rate up to 
1,000°C with gas flow rate 30 mL min-1 using different atmospheres (Ar, CO2, Ar/O2 and CO2/O2). Standard 100 PL 
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Pt crucibles were used, and the mass of samples was 20 ± 0.5 mg in most experiments and 30 ± 0.5 mg for the tests 
with gas analysis. To prepare residual carbon of OS, the sample was heated up to 450°C in argon atmosphere and 
maintained at this temperature for 1 h until devolatilization ceased. The temperature was selected from preliminary 
pyrolysis experiments according to the highest reaction rate. AKTS Advanced Thermokinetics software [14] was 
used to calculate kinetic parameters of oxidation stage of OS and its char. FTIR measurements were recorded in the 
400–4,000 cm-1 region with the resolution of 4 cm-1 taking an average of four scans. 
2.2. Model Description and Modeling Approach 
The boiler in CFB model has been designed with the same geometry of 12 MWth CFB boiler at Chalmers 
University of Technology. Firstly, the applicability of the FB reactor has been tested by comparing the simulation 
results with CFB Chalmers boiler in the case of conventional combustion. Secondly, the model is used to discuss the 
conversion of an air-OS fired CFB unit to oxy-OS combustion. Detailed description of the real CFB unit can be 
found in [15]. The model presented in Fig. 1 is divided into two main parts described below; combustion of OS 
kerogen and the CFB model including the description of how the required elutriated mass flows are calculated in the 
model. 
 
Fig. 1. Overall process lay-out of the CFBC model. The circle (1) is the combustion part and (2) the CFB model. 
Air combustion and three OF cases have been simulated including: Case 1: Air combustion, Case 2: 21%O2/flue 
gas, Case 3: 23%O2/flue gas and Case 4: 30%O2/flue gas. The fuel, EOS, consists of kerogen (27%), moisture 
(11%), and minerals (62%). The analysis of fuel kerogen used in the simulation is presented in Table 2.  
        Table 2. Properties of the organic matter (kerogen) of EOS [6]. 
Calorific Values, MJ kg-1 Elemental Composition, (%) 
HHV 
36.6 
LHV 
34.5 
C 
77.45 
H 
9.7 
O 
10.01 
N 
0.33 
S 
1.76 
Cl 
0.75 
The combustion modeling of EOS considers moisture evaporation, decomposition stage of the kerogen and its 
combustion reactions. The OS kerogen was decomposed to C, H2, S2, Cl2, O2, and N2 using the Ryield1 reactor in the 
combustion model. The oxidation of the decomposed kerogen was modeled in the equilibrium reactor Rstoic2 at 
850°C by following four main reactions considered: C+O2=CO2, H2+Cl2=2HCl, S2+2O2=2SO2, and H2+1/2O2=H2O. 
All the components used in the simulations were defined as pure components (i.e. 100% pure O2). The heat of 
combustion calculated from the combustion of OS kerogen was added as a source term in the FB reactor. The heat 
transferred in the internal heat exchanger was considered as a fixed heat loss (1.47MW) from the furnace for each 
simulation case and it was subtracted from the heat of combustion (Table 3). The amount of oxidizer and the oxygen 
concentration of 3.6% in the flue gas were kept constant for all cases. Case 2 has the same oxidizer oxygen 
                                                          
1 Ryield block decomposes the fuel into its elemental constituents. 
2 Rstoic block enables to model combustion with known reaction stoichiometry. 
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concentration and the same fuel input as air combustion (Case 1). The O2 concentration and fuel input was chosen 
particularly in Case 3 in order to extract same amount of heat from external heat exchanger and to maintain the 
similar operating regime as in the air combustion case. Case 4 is modeled for oxygen-enriched case with 30% of O2 
in the oxidizer.  
FB reactor of Aspen requires several input parameters including particle size distribution (PSD), bed inventory 
(Geldart group for the bed material, bed pressure drop), geometry of the boiler, additional gas supply, and impact of 
heat exchangers on bed temperature [16]. FB reactor is given as bubbling FB thus cyclone and solid recycle streams 
have to be included in order to model circulating conditions. The bottom zone of FB is modeled as bubbling bed 
according to Werther&Wein [17] and the freeboard (upper dilute zone) is modelled according to Kuni and 
Levenspiel [18]. The modeling in this study considers cyclone (no loss of fines) and also external heat exchanger on 
solid recycle streams. The solid discharge stream was kept small by matching the gas feed to the required solid 
recirculation. The mass flow of elutriated particles was determined to maintain the temperature of the furnace at 
900°C then the fixed heat loss (1.47 MW) from the in-furnace heat exchanger was subtracted from the heat duty of 
the combustion. This calculation approach was also tested if the same mass flow of the elutriated particles with the 
lowest solid discharge value can be achieved with lower gas velocities by controlling the primary gas stream with an 
additional bypass3 stream. Table 3 presents the input parameters of the modeling for FB reactor.  
                                                     Table 3. Input specifications considered for the FB reactor 
Reactor Specifications Values 
Fluidized bed pressure drop, ǻPfb (kPa) 
Distributor pressure drop, ǻPdist (kPa) 
Voidage at minimum fluidization, İmf 
Heat duty, (MW) Case 1 
Solid density, ȡs (kg m-3) 
Boiler cross section, A (m2) 
Boiler Height, H (m)  
7 
4 
0.47 
6.01-1.47=4.54 
2648 
1.44 x 1.7 
13.5 
Hot flue gasses were used as a fluidization gas. Silica sand (SiO2) was used as bed material with the PSD given in 
Fig. 2.  
 
Fig. 2. PSD of the SiO2 for three different mean particle diameters 
PSD were determined according to the Rosin-Rammler-Sperling (RRSB) distribution function with Aspen Plus to 
obtain cumulative mass fractions as close as possible to the real bed materials by defining the average particle 
diameter for each 3 particle size fractions. 
Both the Geldart et al. [19] and Colakyan&Levenspiel [20] correlations were tested separately for the elutriation 
models. The Geldart et al. and Colakyan&Levenspiel correlations for the determination of the elutriation coefficient: 
                                                          
3 The “bypass” is referred to a flow subtracted from the primary gas flow in order to ensure the lowest superficial gas velocity and the 
possible lowest overall pressure drop, if the same mass flow of the elutriated particles with the lowest solid discharge value can be achieved by 
controlling the primary gas stream with the bypass stream. 
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       A= 0.011      B= 2                                                                    (1) 
Geldart et al.:        ൌ  ή ሺ ή ୳౪
୳
ሻ ή ɏ୥ ή       A= 23.7        B= -5.4                                                                 (2) 
 
Herein, k is the particle related elutriation coefficient, ୲ is the terminal velocity (m s-1), ɏ୥ is the gas density (kg 
m-3), is the superficial gas velocity at the top of the bed (m s-1) and ɏୱ is the particle density (kg m-3).    
3. Results and discussion 
3.1. Pyrolysis of OS in Ar and CO2
The main stages of combustion of solid fuel particles after drying are pyrolysis (devolatilization) and char 
oxidation. Thermal analysis experiments with OS in 100% Ar and CO2 (Fig.3a) showed that the characteristic 
temperatures and mass loss of the OS sample in Ar and CO2 were very similar during devolatilization up to 500°C 
which indicates that CO2 behaves similarly to an inert gas and has the same influence on the organic part as Ar. 
 
Fig. 3. (a) Mass loss (TG) and mass loss rate (DTG) curves of OS in CO2 and Ar; (b) selected emission profiles from OS in 100% CO2 
At higher temperatures and in 100% CO2 atmosphere decomposition of mineral carbonates contained in OS 
(dolomite and calcite) is shifted apart and proceeds with maximum rate at 815°C (MgCO3) and 920°C (CaCO3), 
respectively, while in 100% Ar both carbonates decompose in one step starting from 650°C. The small step on DTG 
curves at about 530°C can be related to the reactions with pyrite. At higher CO2 partial pressures, the char – CO2 
reaction can become important, adding to the overall reaction rate and increasing CO emissions. 
C(s) + CO2(g)  ĺ  2CO(g) 'H0 = +172.4 kJ mol-1            (3) 
The experiments show that in the case of OS, the char gasification reaction does not have significant role at 450–
550°C that can be assumed from the very small differences in the mass loss values in Ar and CO2.  
Analyzing the spectra of evolved gasses from OF combustion is complicated due to wide peaks of CO2 and H2O 
overlapping with peaks of other compounds and groups at different wave number regions. Emission profiles of some 
selected compounds or groups are presented on Fig. 3b. In 100% CO2 atmosphere, in between 400–600°C CH4 is 
always present. Peaks characteristic to C=C bond stretching from aromatics (1400–1500 cm–1) appear also in this 
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temperature interval together with H2O and CH4. SO2 has two maximums in the emission profiles. One can be 
related to organic sulfur, the other at higher temperatures to decomposition of sulphates in the presence of CO. The 
release of CO in 100% CO2 increases notably at temperatures above 650°C. So, the impact of char – CO2 reaction 
can increase at temperatures above 650–700°C taking into account that high content of carbonates can support also 
CO2-related self-gasification of OS char at higher temperatures. To diminish SO2 emissions, high temperatures and 
reducing conditions should be avoided.  
3.2. Oxidation of OS char and OS in Ar/O2 and CO2/O2
Thermal behavior of OS and its char was studied in CO2/30%O2, CO2/21%O2 and Ar/21%O2 (modeling air 
combustion) atmospheres. It can be seen from TA curves (Fig. 4ab) that mass loss of OS char up to 550°C in Ar/O2 
and CO2/O2 is similar – approximately 8%. This mass loss can be related to oxidation of residual carbon and some 
left-behind heavier organic compounds. Mass loss of OS in CO2/30%O2 is 34%. OS samples have typically two 
exothermic peaks in DTA curves – under these experiment conditions at 345°C and 480°C. The first peak 
characterizes devolatilization and release of lighter hydrocarbons, the second oxidation of heavier hydrocarbons 
(thermobitumen) and char. DTA curve of OS char has one exothermic maximum in the DTA curve at 405°C and a 
smaller one at 490°C. The last one and the small peak at 530°C can be related to char oxidation and/or reactions 
with pyrite and organic sulfur as evolved gas analysis (Fig. 3b) showed increased emission of SO2 in this 
temperature interval. DTG curves indicate that in CO2/30%O2 decomposition of CaCO3 takes place at 918–920°C, 
so, FB OF combustion of calcite rich fuels like some types of oil shale should decrease CO2 emissions from the 
mineral part if temperatures are below 900°C. 
 
Fig. 4. (a,b) Thermal analysis curves of OS and its char in different atmospheres; (c) Conversion-dependent activation energy E  
and pre-exponential factor Ag(D) for OS and its char oxidation stage in CO2 / 30% O2 atmosphere  
3.3. Oxidation kinetics 
The changes in activation energy (E, kJ mol-1) were determined from the experiments with different heating rates 
and conversion level Į was calculated from the mass loss during the oxidation stage. This iso-conversional approach 
enables to obtain apparent conversion-dependent activation energies without assuming the form of the mechanism 
function f (D). The method used in the software [21, 22] is derived from the Friedman differential method [23]. 
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According to this approach the reaction mechanism function f (D) becomes a constant at each fixed conversion 
degree D (Eq. 4), and the relationship between the logarithm of the reaction rate dD/dt and 1/T is linear with the 
slope of E/R. The relationship between the conversion-dependent activation energy and reaction progress for OS and 
its char in CO2/30%O2 atmosphere is shown in Fig. 4c and the interval of activation energy values in the range of  
D = 0.1–0.9 is listed in Table 4.  
     Table 4. Activation energy values for oxidation of OS and its char 
OS in E, kJ mol–1 ln [A  g(D)] A, s–1 OS char in E, kJ mol–1 ln [A  g(D)] A, s–1 
CO2 / 30% O2 
CO2 / 21% O2 
Ar / 21% O2 
35 – 45 
85 – 40 
120 – 100 
-1.6 – -1.4 
-1.5 – 10 
7 – 18 
CO2 / 30% O2 
CO2 / 21% O2 
Ar / 21% O2 
90 – 125 
125 – 160 
110 – 200 
10 – 15 
17 – 22 
15 – 27 
Kinetic calculations showed that activation energies are lower for OS and higher for its char that can be related to 
the shift of oxidation temperatures towards higher values in the case of OS char. As compared to Ar/O2 atmosphere, 
the E values are notably lower for CO2/O2 atmosphere, especially, in the case of OS sample. Generally, the 
activation energies for the oxidation of OS char were lower at the beginning of oxidation, where diffusion limitation 
can control the oxidation rate. Thereafter, there is an increase up to 50% conversion. Another increase can be seen 
for the final stage above 70% conversion indicating to the increasing role of different reactions in mineral part. For 
OS, the activation energies were changed less with conversion. Their values were higher in the beginning of process, 
indicating that complex chemical reactions in the organic part can control the oxidation rate. Above 50% of 
conversion, there was a slight decrease in E values up to the end of oxidation stage. 
3.4. Modeling Results 
Simulations with the recently released FB reactor of Aspen for OF combustion of EOS to model overall heat and 
mass balances of the CFB furnace under air and different OF cases have been investigated and the results are 
discussed in this part focusing on the determination of required elutriated mass flows to maintain the heat balance of 
the system for OF combustion cases. 
Results from the simulation cases with respect to the combustion products and characteristics are given in Table 
5. By replacing air with O2-flue gas mixture in Case 2 with the same oxidizer oxygen concentration and the same 
fuel input as in air combustion reduces the heat that can be extracted from the combustion of OS that is also used for 
source term in FB reactor. As a result of this, the heat extraction in the external particle cooler is lower by 
comparing Case 2 (21% O2) with Case 1 (air). For the lowest gas velocities and the possible lowest overall pressure 
drop, required bypass values are presented and Case 2 requires almost 30% bypass from the primary gas stream as 
the recirculation rate of the particles was kept lower in order to maintain the thermal balance of the system 
according the modeling approach in this study that results with lower superficial gas velocity at the top of the bed 
comparing to other cases. Case 3 (23%O2) with increased fuel input compared to an air combustion enables to 
extract same heat per definition and the same external solid recirculation stream which yields a same external heat 
exchanger duty with slightly higher furnace temperature. Simulation of Case 4 yields the highest heat extraction due 
to the highest fuel input which results in the highest boiler temperature and recirculation rate. 
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  Table 5. Characteristic parameters of the air and OF combustion cases 
Characteristic values Case 1 Case 2 Case 3 Case 4
O2, Volume (%) 
CO2, Volume (%) 
H2O, Volume (%) 
SO2, Volume (%) 
N2, Volume (%) 
HCl, Volume (%) 
Superficial gas velocity,(m s-1) 
Oxidizer, (kmol s-1)/(kg s-1) 
Heat extracted, (MW) 
Fuel input/kerogen,(kg s-1) 
Boiler temperature,(°C) 
Recirculation rate,(kg m-2s-1) 
Heat exchanger,(MW) 
Required bypass 
3.55 
11.8 
12.7 
0.012 
71.9 
0.038 
8.1 
0.19/7.8 
6.01 
0.38/1.4 
853 
6.14 
4.53 
10% 
3.52 
83.4 
12.83 
0.161 
0.03 
0.059 
6.4 
0.19/7.8 
4.98 
0.38/1.4 
852 
4.71 
3.37 
28% 
3.72 
80.9 
15.1 
0.176 
0.038 
0.066 
8.05 
0.19/7.8 
6.09 
0.42/1.55 
856 
6.02 
4.54 
12% 
3.7 
77.1 
18.89 
0.19 
0.042 
0.07 
8.9 
0.19/7.8 
10.89 
0.57/2.1 
875 
11.05 
9.07 
5% 
 
 
Fig. 5. (a) Solids hold up profiles for two different combustion atmospheres; (b) The net solid flux values at different velocities and particle sizes 
(—lines 23%O2/Oxy, --- dashed lines air combustion)  
 
Solids hold up profiles were obtained for two combustion atmospheres (Air case and 23%O2/Oxy) at the same 
operating conditions (e.g. superficial gas velocity, bed material, PSD). Solids concentration curves folow only one 
exponential decay which corresponds to a splash zone (Fig. 5a). As it can be expected due to the one decay 
elutriation models (Eq. 1-2) in Aspen, there is no back mixing effect in the transport zone (the zone from the splash 
zone to the cyclone entrance). The solid concentrations in the bottom zone are very similar in both atmospheres 
below 1000 kg m-3 and splash zones have also very similar solid concentrations. However, lower solid volume 
concentration values were obtained in the case of air combustion for the upper dilute zone. This may be explained 
by the difference on the carrying capacity of the gasses between the air and OF cases. The higher gas density in OF 
combustion increases the particle related elutriation coefficient (Eq. 2) as well as the elutriated mass flow, resulting 
in a higher solid concentration in the upper part of the furnace. In this respect, the net solid flux (flow of solids) 
values (Gs) were obtained from the simulations in order to investigate the possible increase in Gs values in relation 
to superficial gas velocity (u) as it is an important design parameter, when comparing OF combustion conditions to 
air combustion. The simulated values were calculated (Fig. 5b) from the measured solids concentration at the boiler 
exit as:  
Gs = ȡexit · (u – ut)                                                                                                                                                          (5) 
where ȡexit is the solids concentration at the top of the boiler, u is superficial velocity and ut is the terminal velocity.  
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Gs values were obtained from simulations for three different PSD applied with an average solids diameter of 0.2 
mm, 0.32 mm and 0.44 mm. The increased gas velocity increases the net solids fluxes, in the case there is a 
reduction in average particle size. As it can be seen, there is a significant increase in Gs values (у 24%) for each 
particle size in the case of OF combustion as the solids concentration values were higher at the top of the boiler 
compared to air combustion.  
4. Conclusions 
Using non-isothermal analysis methods, it was shown that characteristic temperatures and mass loss during 
pyrolysis stage of OS in Ar and CO2 were very similar up to 500°C indicating that the char gasification reaction 
does not have significant role at 450–550°C in OS combustion. Impact of char gasification reaction can increase at 
temperatures above 650–700°C. Under OF combustion conditions, decomposition of calcite takes place at higher 
temperatures as compared to conventional combustion. Hence, emissions of CO2 from mineral part of OS can be 
diminished in OF CFBC. To minimize SO2 emissions, high temperatures and reducing conditions should be 
avoided. Activation energies for OS and its char are notably less for oxy-combustion conditions.  
The FB model used in OF CFBC simulation can predict the solids density of the bottom bed and splash zone 
whereas it neglects the prediction of solids concentration in the transport zone due to the only one entrainment 
correlation. As the heat capacity of the flue gas is increased in oxy-fuel combustion, higher fuel mass flow rate and 
higher O2 concentration in the oxidizer has to be considered for set of conditions in order to extract the same amount 
of heat as in air combustion. The Case 3 with 23% inlet O2 concentration has a similar behavior as compared to air 
combustion in terms of temperature of the boiler and recirculation rate of the particles. The results show that the 
amount of heat output from a unit could be increased if converted to OF operation. To get first insight into the 
overall heat and mass balances of the CFB furnace under different OF cases, the obtained modeling data has a future 
in developing the models for the possible implementation of OF CFBC of OS.  
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